Purpose-To measure choroidal thickness in patients manifesting an acute change in systemic arterial blood pressure using a portable spectral-domain optical coherence tomography device (iVue).
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choroid; choroidal thickness; optical coherence tomography (OCT); retinal thickness; stress test; choroidal blood flow; blood pressure The ability to image the choroid successfully using optical coherence tomography (OCT) has not been possible until recently because of its location and the attenuation of the OCT signal by the retinal pigment epithelium (RPE). Recent studies [1] [2] [3] [4] [5] report successful examination and measurement of choroidal thickness in healthy and disease states using the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany), RTVue (Optovue, Inc, Fremont, CA), and Cirrus HD-OCT (Carl Zeiss Meditec, Inc, Dublin, CA) spectraldomain (SD) OCT instruments.
The choroid serves many functions. It is responsible for supplying oxygen and nutrients to the RPE and the retina up to the inner nuclear layer. It is also believed to play a role in temperature regulation and waste product removal. 6 Thus, a structurally and functionally normal choroidal vasculature is essential for the function of the retina. Abnormal choroidal blood volume or compromised flow or both can result in photoreceptor dysfunction and death. 7 The choroid circulation displays one of the highest rates of blood flow in the body. 8 In fact, per tissue gram, the choroid has four times more blood flowing through it than does the cortex of the kidney. 9 Most of the blood in the eye is found in the choriocapillaris. 8 In a vascular disease such as diabetes, the choroid shows evidence of degeneration, as suggested by previous studies. 7 The choroicapillaris layer is highly innervated by both sympathetic and parasympathetic nerves. 10 These nerves are thought to play a role in the regulation of choroidal blood flow. 8 In addition to sympathetic regulation, autoregulation is another mechanism by which blood flow can be controlled. 8 Moreover, there are nonvascular smooth muscles in the choroid that are thought to play a role in altering the thickness of the choroid under the influence of local mediators. 11 Little is known about the regulation of choroidal thickness and its role in different diseases. There are vasoactive substances both endogenous and exogenous that have been shown to alter the thickness of the choroid. 8 Vance et al 12 demonstrated that sildenafil citrate ingestion produced a significant increase in choroidal thickness, as measured by SD-OCT. Intravenous acetazolamide increases choroidal thickness, 13 while nitric oxide released locally has been shown to play a role in increasing choroidal thickness by relaxing both vascular and nonvascular smooth muscles. 14 There are a number of other vasoactive substances with potential influence on the choroid, and their role in disease states is still to be elucidated. 15 The choroid thickness can be altered by at least 3 mechanisms: 1) local signaling that either stimulates or inhibits the fluid pumping capacity of the RPE and therefore altering the amount of fluid flux from the retina into the choroid 16 ; 2) an increase or decrease in vascular permeability of the choroicapillaris that affects the amount of protein that leaks out of these vessels, which in turn changes the oncotic pressure in the choroid 17 ; and 3) dilation or constriction of both the vascular and nonvascular smooth muscles. 18 Previous studies 19, 20 have demonstrated that increases in blood pressure (BP) induced by isometric exercise were not linearly associated with an increase in ocular perfusion indicating a degree of autoregulation. The present study was designed to determine whether acute changes in systemic BP after exercise alter choroidal thickness.
Methods

Subjects
This study was performed on 15 eyes of 15 patients scheduled to undergo cardiac exercise stress testing in the cardiovascular stress testing unit. Because the patients are in a department that is distant from the ophthalmology clinic, a portable SD-OCT device was used to measure choroidal thickness in patients where they underwent cardiac stress testing. The patients were scanned using a portable SD-OCT immediately before and within 3 minutes after the stress test. Blood pressure was measured immediately before and within 3 minutes after the stress test at the same time as the OCT scans. A 3-minute period was chosen because the BP was still elevated because of the stress test, and it was not possible to image subjects with OCT during the actual stress test. Patients with concomitant ocular abnormalities, such as diabetic retinopathy, central serous chorioretinopathy, high myopia, vascular occlusions, and those with previous ocular surgery, were excluded. All patients were studied at the Tufts Medical Center in Boston, MA, between July 2011 and September 2011. This study was approved by the Institutional Review Board at the Tufts Medical Center, and it adhered to the tenets of the Declaration of Helsinki.
Choroidal Thickness Measurements
Patients were scanned using the iVue (Optovue, Fremont, CA) before and within 3 minutes after the stress test to ensure that the scan is acquired while the BP was at its highest value. The scan pattern used for choroidal thickness measurement is the iVue Cross line scan, which is a 2 × 6 mm scan consisting of 2,048 A scans (pixels). The images were taken using the standard protocol, and they were not inverted to bring the choroid in closer proximity to the zero-delay line because image inversion using the iVue software results in a lowresolution pixilated image. The cross line scan uses image averaging to decrease the signalto-noise ratio without eye tracking. All reviewed scans had an intensity of 6/10 or greater. Using the iVue linear measurement tool, 2 independent observers measured choroidal thickness perpendicularly from the outer edge of the hyperreflective RPE to the inner sclera at the fovea and at intervals of 500-μm, temporal and nasal to the fovea, up to 1,000 μm.
Correspondence of Choroidal Thickness Measurements from the iVue to Cirrus
To test the correspondence of choroidal thickness measurements from the iVue device to other instrument, 20 eyes of 20 healthy subjects were scanned using both the portable iVue SD-OCT device and the Cirrus SD-OCT device (Carl Zeiss Meditec). The iVue OCT system has a light source centered at 800 nm wavelength and achieves a resolution of 5 μm axial in tissue. The system uses image averaging (20 B scans) to decrease the signal-to-noise ratio. This feature allows for better choroidal visualization. The patients were scanned on both devices consecutively on the same day. All reviewed scans had an intensity of 6/10 or greater. Using the iVue and Cirrus linear measurement tool, 2 independent observers measured choroidal thickness perpendicularly from the outer edge of the hyperreflective RPE to the inner sclera at the fovea and at intervals of 500 μm temporal and nasal to the fovea, up to 1,000 μm from each machine, and a comparison was made. There was no statistically significant difference between the choroidal thickness measurements obtained from the iVue versus the Cirrus SD-OCT systems (P = 0.75).
Retinal Thickness Measurement
Retinal thickness measurements were obtained from the automated iVue software. The data for the retinal thickness were extrapolated from the retina map scan protocol, which is a 6 × 6 mm map that takes 7 raster scans with 250 μm separation. The retina map image displays the retinal thickness in 5 locations in perifoveal area.
Blood Pressure Measurements
Blood pressure measurements were performed via an automated BP cuff. The resting BP was taken before the stress test, and the post-stress test BP was taken within 3 minutes after the test. The patients were scanned using the OCT device at the same time the BP was being recorded.
Statistical Analysis
Data are expressed as means ± standard error of the mean. Statistical analyses were performed using a paired t test. A 95% confidence interval and a 5% level of significance were adopted; therefore, the results with a P value ≤0.05 were considered significant. All statistics were calculated using Graph Pad Prism 5.0 software for Windows (GraphPad Software, Inc., La Jolla, CA).
Results
Fifteen patients (15 eyes) with a mean age of 60.6 (±10.4 years) with no history of any ocular disease or surgery were scanned. Of the 15 patients, 3 patients had controlled hypertension. One patient had controlled diabetes mellitus (with no evidence of retinopathy). Figures 1 and 2 , as well as Tables 1 to 3 outline the results. There was a significant increase in systolic but not diastolic pressure after stress testing (P < 0.05), as depicted in Table 1 .
Choroidal thickness measurements at all locations before and after stress test are shown in Table 2 , while retinal thickness measurements are shown in Table 3 . There was no significant difference in choroidal thickness at all locations before and after stress test (P > 0.05) (Figure 1 ). The average choroidal thickness before the stress test was 217.5 ± 98.77 μm (range, 90-426 μm) compared with 217.1 ± 98.26 μm (range, 84-395 μm) after the stress test. The average subfoveal choroidal thickness before the stress test was 224.3 ± 110.6 μm (range, 81-455 μm) compared with 222.5 ± 103.7 μm (range, 81-406 μm) after the stress test. In addition, there was no significant difference in retinal thickness at all locations before and after the stress test (P > 0.05) (Figure 2 ). There was no statistically significant difference between the choroidal thickness measurements obtained from the iVue versus the Cirrus SD-OCT systems (P = 0.75) (Figure 3 ).
Discussion
In this investigation, the iVue OCT system was used to acquire blank measurements, images, and measurements. The portable OCT allowed measurements to be made outside the ophthalmology clinic immediately after exercise-induced elevation of the BP. In this study, choroidal thickness was successfully measured in all enrolled patients. This is the first study to report successful choroidal thickness measurements using the iVue OCT and to compare them with another SD-OCT device. Based on the data from 20 eyes of 20 healthy subjects, no statistically significant difference was found between the 2 devices (P = 0.75) in the choroidal thickness values (Figure 3 ).
There are many factors that may affect the choroid. A study by Chakraborty et al 21 showed significant diurnal variation in choroidal thickness over 2 consecutive days. Aging is a factor associated with changes in choroidal thickness, and older patients are reported to have thinner choroids. 22 In addition to physiological causes, there are several diseases where choroidal thickness has been shown to be significantly different from that of normal subjects. 23 For example, the choroid thickness has been found to be thinner in patients with age-related macular degeneration. In patients with central serous chorioretinopathy, it is hypothesized that the choroid is hyperpermeable, and thus there is an increase in choroidal thickness compared with that of healthy subjects. 24 However, diabetic patients with retinopathy have thinner choroids and show a decrease in the mean subfoveal choroidal blood flow, as measured by laser Doppler flowmetry. 25 There is a dense network of sympathetic innervations of the choroid that suggest a mechanism of choroidal blood flow regulation. 10, 26 Our study is the first to present evidence of the regulation of blood flow in the choroidal circulation in vivo, as measured by thickness measurements using SD-OCT; also, this investigation demonstrated no significant change in the thickness of the choroid and the retina, despite significant change in BP. Thus, these results suggest some type of blood flow regulation. The mechanism of this regulation is probably mediated by the intricate sympathetic innervations or by autoregulation by the choroidal vessels. 8 The sympathetic nerves innervate both the vascular and the nonvascular smooth muscle in the choroid. 11 It is possible that contraction of the nonvascular smooth muscle alone keeps the choroid thickness constant, despite the increase in systemic BP. 8 However, a number of factors are probably involved in keeping the choroidal thickness from changing. The current study does not address the mechanism for regulation.
As a result of the advances in imaging modalities, our understanding of the choroid is increasing and choroidal changes in varying disease states are receiving growing attention. Such advances will play an important role in understanding the pathophysiology of many retinal diseases and may help guide therapeutic options in the future. Furthermore, understanding the factors that help regulate the choroid should also help us understand and manage disease states, that is, how would the loss of autoregulation effect disease states and play a role in ischemia and/or injury? 27 We believe that our findings that an exercise-induced increase in systolic BP does not alter the thickness of the choroid or retina is one-step in understanding the pathophysiology of the choroid. These findings are also important because they show that acute changes in BP do not change choroidal thickness. It is important to remove acute BP change as a possible confounding factor if choroidal thickness measurements are to be used to assess retinal abnormality in the future. Graph displaying the choroidal thickness at the different location: N2 (1,000 μm nasally), N1 (500 μm nasally), SF (subfoveal), T1 (500 μm temporal), and T2 (1,000 μm temporal).
No significant difference was observed before and after stress testing measurements, despite significant change in systolic blood pressure, as outlined in Table 1 . Graph showing the retinal thickness for the different regions in relation to the fovea: N (nasal), C (center), T (temporal), S (superior), and I (inferior). There is no significant difference in thickness measurements before and after stress testing. Graph comparing the choroidal thickness obtained from the Cirrus SD-OCT versus those obtained using the iVue portable SD-OCT system. There was no statistically significant difference in the choroidal thickness measurements obtained by the 2 systems (P = 0.75). There is a significant increase in systolic but not diastolic blood pressure in the before and after stress test recordings. 
